The oxygen abundance of the outer disk of the nearby S0 galaxy NGC 404, a prototypical early-type galaxy with extended star formation, has been derived from the analysis of H II region spectra. The high mean value found, 12 + log(O/H) = 8.6 ± 0.1, equivalent to approximately 80% of the solar value, argues against both the previously proposed cold accretion and recent merger scenarios as viable mechanisms for the assembly of the star-forming gas. The combination of the present-day gas metallicity with the published star formation history of this galaxy favors a model in which the recent star forming activity represents the declining tail of the original one.
INTRODUCTION
Studies of the gaseous content of early-type (E/S0) galaxies (ETGs) have established that gas accretion and the presence of H I reservoirs are common features among these systems (Oosterloo et al. 2010; Davis et al. 2011; Thom et al. 2012) . The presence of gas is often accompanied by low-level, recent (age < 1 Gyr) star formation, which is detected in a significant fraction (> 30%) of the ETGs observed in the far-UV by the Galaxy Evolution Explorer (GALEX, Martin et al. 2005 ) (Yi et al. 2005; Kaviraj et al. 2007 ). Several authors (e.g. Serra et al. 2008; Kaviraj et al. 2009; Cortese & Hughes 2009 ) have invoked the supply of external gas via galaxy merging or interactions in order to explain the star forming and gas content properties of ETGs, as well as the rejuvenation (Rampazzo et al. 2007 ) of these systems, that had the bulk of their star formation virtually completed early in their history.
Star formation in ETGs is often confined to their outskirts, in the form of extended UV-bright ring-like structures (Donovan et al. 2009; Thilker et al. 2010; Salim & Rich 2010; Moffett et al. 2012) , resembling the outer star-forming disks identified in late-type galaxies (Thilker et al. 2007 ). Despite their prominence in far-UV GALEX images of nearby ETGs, these rings account for only a few percent of the total stellar mass of the host galaxies (Marino et al. 2011) .
In a recent study of 29 S0 galaxies at redshift z ∼ 0.1 Salim et al. (2012) critically reviewed the mechanisms that can generate spatially extended star formation in ETGs. Cold, smooth gas accretion from the intergalactic medium (IGM), as predicted by cosmological hydrodynamic simulations (e.g. Kereš & Hernquist 2009 ), was identified, based on qualitative optical/UV galaxy morphology, as the likely mechanism for rejuvenating the star formation activity in about half of their sample. The supply of gas from minor mergers and the fading of the original star formation (not requiring external gas sources) could explain the remaining cases. These conclusions have been strengthened in a related work by Fang et al. (2012) , who included 670 extended star formation ETG candidates in their quantitative analysis of UV-optical colors. Thus, ETGs with extended star formation probably constitute a heterogenous class, composed both by systems with declining star formation and others experiencing rejuvenation following gas accretion.
The nearest S0 galaxy, NGC 404 (D = 3.05 Mpc, Dalcanton et al. 2009 ) has been identified by Thilker et al. (2010) as the host of recent star formation in its nearly face-on outer disk. UV-emitting young star clusters reside within an H I ring, extending between 1.5 and 6.5 kpc (1 -4 R 25 ) from the galactic center. The relatively small distance to NGC 404 and its isolation (Karachentsev et al. 2002 ) make this galaxy an ideal site where to explore the processes regulating the evolution of an ETG with extended star formation. Following the suggestion by del Río et al. (2004) that a merger with a dwarf galaxy supplied NGC 404 with fresh gas in the past Gyr, Thilker et al. (2010) argued that this lenticular galaxy is an example of a rejuvenated ETG, currently shifting from the red sequence of the bimodal optical color distribution of galaxies back into the green valley. This paper offers an alternative view, providing constraints on the nature of the extended star formation in NGC 404 from a chemical abundance analysis of H II regions lying in its outer disk.
OBSERVATIONS AND DATA REDUCTION
Observations of H II region candidates in the outer disk of NGC 404 were obtained with the Gemini Multi-Object Spectrograph (GMOS, Hook et al. 2004) at the Gemini North telescope. The targets were selected from Hα narrow-band images of two 5. 5×5. 5 GMOS fields in the outer, star-forming disk of the galaxy, approximately 3. 9 (3.4 kpc) E and 4. 6 (4.1 kpc) N of the center, respectively. Spectra were acquired on September 18, 2012, under 0. 5 FWHM seeing conditions, using two multi-object masks, one per field, containing 1. 5-wide slits. Three 1800 s exposures were secured for each field using the B600 grating, providing spectra covering the ∼4700-7500 Å wavelength range (the coverage depending on the spatial distribution of the targets), at a spectral resolution of 6 Å for nebulae filling the slit (3.5 Å for six spatially unresolved objects). tra were not flux calibrated. This has virtually no effect on the analysis presented here, given the proximity in wavelength between the emission lines used to construct the nebular diagnostics. Two of the targets were found to be background emission-line galaxies, and were removed from the analysis. The final sample comprises 19 objects in an annulus between R 25 and 4 R 25 (hereafter referred to as the star-forming ring) of NGC 404. Their location is indicated in Fig. 1 diagrams. Three objects stand out as peculiar based on their line ratios: #2 and #8, classified as candidate planetary nebulae (consistent with the point-source appearance and the lack of a continuum), and #5 (a 58 pcdiameter ring identified as a supernova remnant). The rest of the sample is composed of bona fide H II regions, whose chemical analysis can be carried out using standard diagnostics.
IRAF
The diagrams in Fig. 2 include curves representing H II region models from Dopita et al. (2006) , calculated for ionizing cluster ages between 0.1 and 4 Myr, and different metallicities (0.2, 0.4, 1.0 and 2.0 × Z ). The parameter R ∝ M cl /P 0 (the ratio between cluster mass and pressure of the interstellar medium) is also varied between log R = −2 (solid lines) and log R = 0 (dashed lines), although this has only a secondary effect on the interpretation of the diagrams. According to these models, the bulk of the H II region sample has a metallicity slightly below solar. Since the model curves in the [N II]/Hα vs. [O III]/Hβ diagram become virtually vertical after a cluster age of 3 Myr, the same conclusion can also be drawn for the 5 objects having only an upper limit for the [O III]/Hβ ratio.
In order to quantify the radial distribution of the nebular metallicities the abundance diagnostic N2 = log([N II] λ6583/Hα) was adopted, using the calibrations provided by Pettini & Pagel (2004 largest Hα equivalent width (950 Å) in the sample, indicating a very young nebula, which is supported by the models in Fig. 2 (point lying on the 0.1 Myr curve). The position of #14 in relation to the model curves also shows that, despite the low [N II]/Hα ratio (which leads to the anomalous low O/H ratio using the strong-line abundance diagnostics), its metallicity is in fact comparable to that of the rest of the sample.
A least-squares fit to the data points (excluding the outlier #14) using the PP04 calibration yields a radial galactocentric gradient 12 + log(O/H) = 8.55 (±0.03) − 0.014 (±0.010) R/R 25 . The (virtually flat) gradient's slope is unchanged using the D02 calibration, and can be expressed Fig. 3 , mean 12 + log(O/H) = 8.65) and upper limits (arrows). Systematic offsets between different calibrations are well known to exist (Kewley & Ellison 2008) , and while their discussion is beyond the scope of this paper, it is important to point out for the following discussion that the N2 diagnostic, together with the direct method, tends to yield lower O/H ratios compared to alternative strong-line abundance determination methods (Bresolin et al. 2009a) . In summary, the diagnostics considered here indicate that the oxygen abundance in the outer disk of NGC 404 is essentially constant, and I adopt a representative mean value 12 + log(O/H) = 8.6±0.1, equivalent to ∼0.8× the solar value (Asplund et al. 2009 ). This result is consistent with the information provided by the photoionization models shown in Fig. 2 . 
DISCUSSION
The star formation history of NGC 404 has been recently investigated by Williams et al. (2010) from theoretical fits to the color-magnitude diagrams (CMDs) of the stellar populations in three WFPC2 fields observed with the Hubble Space Telescope. These fields cover the galactocentric distance range 0.61 -2.55 R 25 , overlapping with the range spanned by the H II regions observed in this work (1.06 -3.66 R 25 ). The CMD analysis indicates that the majority (70%) of the stars in the disk (even in the outer star forming ring) formed earlier than 10 Gyr ago (90% formed by the end of the following 2 Gyr). The star formation rate (SFR) surface density declined from ∼ 6.8 × 10 −3 M yr −1 kpc −2 early in the history of the galaxy to a negligibly small value ( 10 −9 M yr −1 kpc −2 ) approximately 0.9 Gyr ago, when the gas surface density was extremely small (∼ 0.02 M pc −2 ). The CMD fitting suggests that in the recent past (∼ 500 Myr ago) the star formation activity resumed, with an estimated SFR density of 2 × 10 −4 M yr −1 kpc −2 in the time interval between 0.5 and 0.2 Gyr ago (Williams et al. 2010, Fig. 14) . This is about one order of magnitude higher than the current value estimated from the far-UV emission of the star-forming ring (Thilker et al. 2010) . Williams et al. (2010) speculated that the increase in star formation activity was possibly triggered by the merger postulated by del Río et al. (2004) , who studied with 21 cm observations the morphology and kinematics of the 1.5 × 10 8 M H I outer disk. del Río et al. (2004) identified the source of this gas with a merging dwarf galaxy about 0.5-1 Gyr ago, lending credibility to the rejuvenation scenario to explain the recent star formation in NGC 404.
Is this picture consistent with the chemical abundance analysis carried out in Sect. 3? It is worth comparing first the present-day gas metallicity with the stellar metallicity in the disk, as inferred by Williams et al. (2010) Sil'chenko et al. 2012 ; the H II regions provide a determination of the O/H ratio, while the stellar M/H given above is assumed to be representative of the Fe/H ratio).
If the general description of the star formation history of NGC 404 outlined by Williams et al. (2010) is broadly correct, the significant chemical enrichment measured for the outer disk H II regions argues against a gas-rich dwarf galaxy as the main source of fuel responsible for the re-ignition of the star formation, as proposed by del Río et al. (2004) and Thilker et al. (2010) . From the stellar mass of NGC 404 measured by Thilker et al. (2010) , and assuming a mass merger ratio of 1:3 (the maximum ratio commonly adopted to distinguish between major and minor mergers), the stellar mass of the merging dwarf would be 1.5 × 10 8 M . According to the mass-metallicity relation observed in the local universe (Berg et al. 2012) The relatively high nebular metallicity of the star-forming ring of NGC 404 also rules out (metal-poor) primordial IGM gas accretion as the primary source of its star-forming gas (which has been proposed as a viable mechanism for the formation of metal-poor galactic ring structures, e.g. by Finkelman et al. 2011 and Spavone et al. 2010 ). On the other hand, a near-solar metallicity would be expected if the bulk of the gas has been part of the galaxy since its early history, and has been progressively chemically enriched by the star formation that has occurred in the disk (in agreement with the declining star formation scenario discussed by Salim et al. 2012 and Fang et al. 2012) , although this possibility was deemed unlikely by del Río et al. (2004) , based on the warped nature of the H I structure, which suggests that the gas has been acquired recently, and on critical gas density arguments (invalidated by the GALEX detection of recent star formation). It is conceivable that a perturbing event (minor/dry merger) took place in the recent past, that revitalized the star formation activity, but it is unlikely, based on the reconstructed star formation history, that such an event was responsible for the accretion of the gas, because of the incompatible chemical composition. It is also possible to argue in favor of an enriched accretion mechanism, as proposed in recent studies of the chemical abundances of the outer disks of spiral galaxies (Bresolin et al. 2009b (Bresolin et al. , 2012 ; but I also note that these structures are 3× larger than the outer disk of NGC 404), where the gas, chemically enriched by stellar processes in the disk, is subject to a wind-recycling mechanism, and inflows back into the disk (Davé et al. 2011; Martin et al. 2012 ).
In conclusion, this work shows that the chemical abundance analysis of the ionized gas provides crucial constraints on the origin of the outer star forming rings and potential rejuvenation events observed in ETGs. In particular, two of the main scenarios proposed, cold accretion and minor merger, are ruled out in the case of NGC 404 by the high nebular metallicity observed. Future work will test whether the declining star formation scenario provides a better fit to the present-day gas metallicity of additional ETGs.
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